High color and organic composition, the effluents from the textile dyeing and finishing industry, can be treated by photocatalytic oxidation with UV/TiO 2 . The objective of this study was to prepare a new photocatalytic system by coating nanosized TiO 2 particles on steel mesh support and using cold cathode fluorescent light (CCFL) irradiation at 365 nm in a closed reactor for the oxidation of azo dye C.I. Orange G (OG). Various factors such as reaction time, coating temperature, TiO 2 dosage, pH, initial dye concentration, and service duration were studied. Results showed efficient color removal of the OG azo dye by the photocatalytic system with TiO 2 -coated temperature at 150
Introduction
Most dyestuffs from the effluent of textile dyeing and finishing industry are organic compounds with high color intensity, recalcitrant to conventional biological wastewater treatment, and thus of major environmental concerns [1] [2] [3] [4] . Furthermore, chemical coagulation integrated with activated sludge process was not able to meet the increasingly stringent criteria of color in dye wastewater treatment in Taiwan [5] . There is great demand of technology to decolorize the highly colored dye wastewater more effectively. Azo dyes with nitrogen double bond N=N are the largest class of commercial dyestuffs used in the textile industries. There were reports of successful color removal with final mineralization from azo dye wastewater using advanced oxidation processes (AOPs) such as UV/H 2 O 2 [6] [7] [8] [9] , UV/O 3 [10, 11] , or Fenton reaction [12, 13] . Additionally, it has been reported that photocatalytic processes such as UV-TiO 2 system can also be effective in treating dye wastewaters [14] [15] [16] [17] [18] except that when applied in suspension further separation of TiO 2 particles is necessary. Therefore, fixing the TiO 2 particles onto supported materials such as silica gel and plates can avoid the particle separation step and enables the easy operation of heterogeneous TiO 2 photocatalysis [19] [20] [21] [22] [23] . The objective of this study was to study the degradation of azo dye C.I. Orange G (OG) using a batch photocatalytic reactor in which the photocatalytic TiO 2 particles were coated on steel mesh and cold cathode fluorescent lamp (CCFL) was used (wavelength of 365 nm) as the source of irradiation. The CCFL lamp has thin and simple structure, is less temperature sensitive, and is easy to configure as well as it is brighter than the traditional mercury arc mercury lamp. It is more durable than other light sources. CCFL light is time-saving and less cost which is used broadly in computer products and applications such as liquid crystal display (LCD) backlight displays, PC case lights, and scanners, photocopy machines, industry machines such as appliance lighting, automotive fittings such as dashboard backlights, decoration light, advertisement such as signage board, exit light, and light box, and decoration such as indoors light and outdoors light. Factors such as coating temperature, TiO 2 dosage, pH, initial dye concentration, and reaction time that may affect the degree of the dye degradation were studied. Changes in color intensity, pH, and ORP were monitored in addition to the analysis of reaction products by FTIR and IC.
Materials and Methods

Materials and Apparatus.
The monoazo dye, C.I. Orange G (OG, C 16 H 10 N 2 Na 2 O 7 S 2 , 60%) with a molecular weight of 452.38 and a characteristic wavelength (λ max ) of 479 nm was purchased from Sigma-Aldrich, Inc., and used as received without further purification. Figure 1 shows the chemical structure of OG. The commercial nanosized titanium dioxide (TiO 2 ), Degussa P-25, with a specific surface area of 48.68 m 2 g −1 from Aldrich was used as the catalyst. The steel mesh (mesh size number 140, 0.106 mm) was purchased from a local hardware store and trimmed into pieces with a gross area of 252 cm 2 (36 × 7 cm). Initially, the steel mesh was trimmed, washed with distilled water, dried at room temperature (25 • C), weighed, and then stored in desiccator for further use. A given amount of Degussa P-25 TiO 2 nanoparticle (e.g., 7.5-50.0 g) was mixed with 250 mL of distilled water to make suspension at concentrations of 30-200 g L −1 . The pretreated steel mesh piece was dipped in the TiO 2 suspension then dried under certain temperature for one hour. The steel mesh piece was then washed with distilled water to remove any loose TiO 2 particles from the surface. The dipping, washing, and drying steps were repeated three times to reach a certain weight of TiO 2 on the steel mesh surface. Table 1 shows the amount of TiO 2 coated on the steel mesh surface (gross area of 252 cm 2 ) in the range of 0.3025-1.6855 g which yielded specific surface TiO 2 concentration in the range of 12-67 g m −2 . Based on images obtained with Field Emission Scanning Electron Microscope (FESEM), model JEOL 6330CF, of the TiO 2 -coated steel mesh, it is seen that TiO 2 particles were uniformly coated on the steel mesh surface as shown in Figure 2 . The crystallinity of TiO 2 particles was characterized by XRD (Thin-Film Xray Diffractometer, X-RAY/TF) which yielded an anatase to rutile ratio of 7 : 3 as expected. Table 2 shows the BET surface area and porosity of TiO 2 -coated steel mesh as a function of drying temperature using Micromeritics Gemini V. The photocatalytic reactor was a closed rectangular black tank (length × width × height equal to 360 × 70 × 78 mm) made of acrylic resin with a removable upper cover underneath of which was six cold cathode fluorescent lamps (CCFL) each of which has a diameter of 0.25 cm, length of 30 cm, light intensity of 4 W, and irradiation wavelength of 365 nm. The dye solution, 200 mL, was introduced to the photocatalytic reactor at which bottom was placed the TiO 2 -coated steel mesh with total gross surface area 252 cm 2 (power per unit area of one lamp of 0.35 mW cm −2 ); the depth of the dye solution was 0.794 cm neglecting the thickness of the steel mesh. The CCFL lamps were located 6.0 cm above the surface of the dye solution which yielded a total light energy of 2.1 mW cm −2 measured at the surface of the solution.
Photocatalytic
Procedure. OG azo dye solution at various concentrations was prepared with deionized water. The experimental variables studied included reaction time, TiO 2 dosage, initial dye concentration, and application duration of TiO 2 . At a predetermined reaction time, an aliquot of the solution was withdrawn and analyzed for residual 
Results and Discussion
Effect of Combining CCFL UV 365 Irradiation and TiO 2
Catalyst. The color removal was first compared for various systems, that is, CCFL/TiO 2 , CCFL alone, and TiO 2 alone at the initial OG concentration of 50 mg L −1 , TiO 2 dosage of 60 g m −2 and 6 CCFL lamps with total light intensity of 24 W at wavelength of 365 nm in 120 min of reaction in the closed reactor. Figure 3 shows results of color removal by various systems. Results indicated that the system of CCFL alone, and TiO 2 alone could not remove color at any significant level. The CCFL/TiO 2 system removed color and TOC effectively with almost 100 and 95% removal, respectively, in 2 h. It was also observed that the pH remained relatively constant from 5.5 to 5.0 with time. This was expected as TiO 2 is a known photocatalyst that upon radiation with light which wavelength is shorter than that of its bandgap can generate hydroxyl radicals, strong oxidation agents that can oxidize a wide group of organic compounds nonspecifically [14] [15] [16] [17] [18] . and 6 CCFL lamps in 120 min in the closed reactor. Figure 4 shows insignificant color removal in the range of 100-300 • C. It was noted that pH remained unchanged at around 5 to 6. The reaction kinetics of UV/TiO 2 photocatalytical system was proved to follow the Langmuir-Hinshelwood (L-H) reaction kinetics [24] [25] [26] [27] . And in most of the designed reaction conditions, the L-H kinetic model of the UV/TiO 2 system can be further simplified into pseudo-first-order reaction kinetics. Therefore, the color removal of this study was treated using pseudo first-order reaction as follows:
where k denotes the observed first-order reaction rate constant (min −1 ), t is the reaction time (min), C dye,0 designates • C, respectively, as shown in Table 3 (a). The best rate occurred at a coating temperature of 150
• C. Note that this temperature was chosen further as the working condition. 2 Load Dosage. Figure 5 shows the removal of color as a function of surface dosage of TiO 2 . Results indicated that the color removal increased from 80 to 100% in 120 min when the surface loading of TiO 2 particles increased from 12 to 60 g m −2 . The color removal then decreased from 100 to 90% when the surface loading of TiO 2 increased from 60 to 67 g m −2 . An optimal TiO 2 loading for color removal occurred at 60 g m −2 . The rate constants followed similar trend as percent color removal; the observed rate constants were 1.10, Figure 6 shows the change of dye concentration as a function of time at various pH values. Results indicated that the color removal increased rapidly at acidic pH of 2 and 3 then became slow as the pH increased. This could be attributed to loss of hydroxyl radicals as pH increased. The effect of pH on the photodegradation of acid dye can be better described by the interaction between the dye compound and the photocatalyst. Better contact between the dye chemical and TiO 2 is necessary for the degradation reaction. As pH increases, the surface of TiO 2 becomes negatively charged.
Effect of TiO
(note: the pH zpc of TiO 2 is 5.5). Negatively charged TiO 2 surface discourages the adsorption of the anion acid dye. The rate constants followed similar trend to that of color removal. The rate constants at pH 2 and 3 were 13.28 and 16.6 (10 −2 min −1 ), respectively, which were greater than 2.69 (10 −2 min −1 ) at pH 4 as shown in Table 3 (c). At original pH 5.3, the degradation of OG dye was sufficient fast and reached 100% removal during 120 min reaction time. Furthermore, the effluent from acid dye bath dyeing processing (OG dye was applied) usually presents acidic pH at about 3-4. Thus, it is not suggested that the wastewater treatment plan adjust pH to 2-3 for better treatment efficiency. But it is encouraged to use the advantage of acid dye bath at acidic pH to elevate the reaction rate and removal efficiency.
Effect of Dye Initial Concentration.
To present the validity of L-H model on our CCFL/TiO 2 system, the effect of initial dye concentrations on the photodegradation of azo OG dye was studied at initial concentrations of 12.5-75 mg L −1 , TiO 2 dosage of 60 g m −2 and 6 CCFL lamps for a period of ).
(a) Effect of coating temperature 120 min in the closed reactor. Figure 7 shows results of dye photodegradation as a function of reaction time at various initial dye concentrations. Results indicated that the rate of dye removal decreased from 12.54 to 2.0 (10 −2 min −1 ) when the initial dye concentration was increased from 12.5 to 75 mg L −1 as shown in Table 3 (d). The rate constant then remained constant and independent of the dye concentration as the initial dye concentration increased to greater than 50 mg L −1 . This is typical Langmuir-Hinshelwood (L-H) reaction kinetics which is generally capable for modeling UV/TiO 2 photocatalytic oxidation process [24] [25] [26] [27] . According to the L-H reaction kinetics, the rate of dye degradation can be described by the following equation:
where r is the degradation rate of dye (mg L −1 min −1 ), k, K A , and C are the rate constant (mg L −1 min −1 ), equilibrium adsorption constant (L mg −1 ), and residual dye concentration (mg L −1 ), respectively. According to the above equation, at high dye concentration, that is, 1 KC, the rate equation is
Likewise, at low dye concentration, that is, 1 KC, (2) becomes
Time ( That is, as the initial concentration increases, the reaction no longer follows the first order expression; rather it becomes independent of the dye concentration as shows in (3). By rearranging (2), one has
where r 0 and C 0 are the initial rate (mg L −1 min −1 ) and initial dye concentration (mg L −1 ), respectively. A plot of the reciprocals of initial rate and initial concentration yields the rate constant, k, and the adsorption constant, K (Figure 8 ). The initial rate r 0 was calculated by the first 2 min of Figure 7 with TiO 2 loading dosage at 12 and 60 g m −2 , respectively (Table 4) . From the slope (1/kK A ) and the intercept (1/k) of Figure 8 
Application Duration.
The TiO 2 -coated steel mesh was used repeatedly to treat the OG solution. Figure 10 shows the system performance over 10 cycles. Results indicated that although the rate of OG degradation decreased as the reuse cycle of catalyst increased, the total amount of dye removal remained relatively unchanged at 100% in the treatment time range of 100-120 min, however. In the meantime, there was nearly no loss of TiO 2 in each operation even after 10 cycles. The observed rate constants declined with more reuse cycles as shown in Table 3 (e), however. This can be attributed to potential surface poisoning of the photocatalyst, TiO 2 due to adsorption of reaction products. Further investigation is in progress to assess the reactivity of the TiO 2 during the course of photocatalytic reactions.
Conclusions
TiO 2 supported on steel mesh and illuminated with cold cathode fluorescent light (CCFL) was effective in removal color and dye from the OG azo dye solution. Coating TiO 2 at 150
• C yielded the fastest color removal rate. An optimal TiO 2 surface loading or dosage of 60 g m −2 exhibited the highest color removal as well as the fastest rate; increase in surface TiO 2 loading had no benefit in increasing the color removal, however. An acidic pH of 2-3 had the best photocatalytic oxidation rate; the rate of color removal decreased when pH was increased to greater than 4. The rate of color removal decreased with initial dye concentration as was expected by the Langmuir-Hinshelwood kinetics. Based on FTIR analysis, there was decrease of N=N bonding which indicated chemical transformation of the dye OG compound. Results of analyzing the inorganic byproducts revealed that sulfate production was predominant; nitrite and nitrate were produced at minor quantities. The TiO 2 -coated steel mesh can be repeatedly used over 10 cycles without significant loss of catalyst mass; the percent dye removal remained close to 100% in 10 cycles except slight decrease in reaction rate constants apparently due to possible surface poisoning. In general, the new photocatalytic system showed great potential in ease of implementation and cost for the treatment of dye industrial wastewater for color removal.
